Abstract. We present two experimental configurations based on a repulsion force acting on a piece of pyrolytic carbon (PyC) in a magnetic induction generated by a magnet array to measure a laser power in the range from a few milliwatts to a few watts. The levitation configuration consists in measuring the levitation height change of the PyC sheet related with the optical power irradiating its surface. The weighing configuration consists in measuring the mass change corresponding to a magnetic repulsion force change acting on a piece of PyC placed on a balance pan and irradiated by a laser beam. The quantities affecting the measurement results have been identified. Examples of measurement results are given. The relative uncertainty of optical power measurement is less than 10% for the first experimental set-up and around 1% for the second one. The wavelength dependence on power response of this device has been quantified. The two PyC-based devices presented in this paper offer a new technique for measuring optical power.
Introduction
We present two set-ups using a pyrolytic carbon (PyC) sheet to measure a laser power in the range from 10 mW to 1 W. These elementary devices are based on a small plate of PyC placed in a magnetic flux density generating a repulsion force on the PyC sheet. This force varies when the sheet is irradiated by a laser beam and is related with the optical power. This leads to an alternative to traditional power meters based on thermal measurement techniques via the Stefan-Boltzmann law and photon-electron interaction.
The first experimental configuration presented in a previous paper [1] consists in using the levitation effect of the PyC sheet above a magnet array. Due to the periodicity of the magnetic flux density, the position of the levitated PyC sheet is steady but its levitation height is modified when the PyC surface is irradiated by a laser beam. This leads to potential energy change:
where Δd t is the levitation height change and E 0 is the potential energy of the PyC sheet at the initial levitation height d 0 . The power response in terms of levitation height versus irradiation power is sufficiently linear, sensitive and reproducible to be used as a laser power sensor. The height change Δd t depends on the exposure time t exp . It appears to be a suitable measurement parameter for establishing a relation with the irradiating laser power. Several physical quantities can affect the measurement results. In particular, this levitation configuration is very sensitive to mechanical vibration, draughts and temperature fluctuation.
The second configuration presented in another previous paper [2] consists in detecting the repulsion force change between the PyC sheet and the magnet array. In this case, the PyC sheet is placed on the pan of a mass comparator (Mettler Toledo AX206) and the magnet array is held above the PyC sheet at a short distance. The measurement principle is based on the force change expressed in terms of mass through the mass comparator when the PyC surface is irradiated by a laser beam. Thus, there is an equivalence of the potential energy change and the mass change Δm t as follows: 0 0 m m E E t t Δ = Δ (2) with the same PyC piece (m 0 = 0.41 g), and for an identical position and fixed distance (d 0 ≈ 0.4 mm) between the PyC surface and the magnet array as in the levitation configuration, we obtain a mass change Δm t of about 1 mg in the weighing configuration which is equivalent to a height change Δd t of 1 µm in the levitation configuration. The weighing configuration is mainly sensitive to the ambient temperature fluctuation, but the linearity and reproducibility are somewhat better in the power range from 0.2 W to 1 W in this configuration than in the levitation one. However, energy is dissipated in ambient air, which leads to a slight drift being observed in the mass indication by the mass comparator due to thermal effects. This drift can be easily corrected for.
First results are very encouraging. This confirms the feasibility of new laser power sensors using diamagnetic repulsion which appear interesting for applications in metrology, in industry or in technology development. The need to measure high power lasers accurately in real-time in laser manufacturing ope highlighted [3] .
In this paper, the experimental set-up configuration is described in subse magnetic levitation is presented in Thermal effects are discussed in sub examples of results presented in sub second set-up for the weighing described in subsection 3.1. The buoya weighing is discussed in subsection 3.2 affecting the measurement stability subsection 3.3 after which examples results are discussed in subsection 3.4. Figure 1 shows the experimental set-up configuration. This device has been addition of a damping system compar prototype described in a previous paper The levitation configuration is a ver which consists of a magnet array, a s carbon, two diaphragms, a mirror, a sh displacement sensor. The horizontal magnet array is com cylindrical magnets of diameter and h attenuate the vibration effect, the mag with four springs and is coupled wi The photograph of Figure 3 .a shows with the PyC sheet levitated at one of it As expected and shown by the iron fil white paper placed on the magnet arr example of Figure 3 .b, the arrangemen mm-diameter magnets induces a 2D p magnetic field above the magnet arra period of about 6 mm.
Levitation configuration

Experimental set-up
However, one can see in Fig 3b that the perfect due to misalignments of the ma to local heterogeneities of the magnetic affect the PyC response to an ir according to the levitation position ab array in the horizontal plane.
Surface temperature
To evaluate the risk of any local inte necessity to limit the exposure time powers, thermal tests were carried out imaging camera Optris PI (OPTPI16-O3 The tem seems to tend towards a plateau at abou surface has been irradiated for t exp =12 from the exceptional thermal propertie which presents a high anisotropy. The ir a photothermal effect which reduces t of the material [4] . the magnet array s stable positions. ings sprinkled on ray surface in the nt of the (5×7) 6 periodicity of the ay with a spatial e periodicity is not agnets. This leads c field. They can rradiation power bove the magnet ense heat and the for higher laser t using a thermal 31T900). In other words, this means tha with the ambient air close to t balance between absorbed e electrons by irradiation) an transferred to the air). Figure 5 shows examples of recorded data for position irradiation power P irr at a wav The exposure time t exp was ambient air temperature was examples are particular becaus versus exposure time is nega This means that the levitation exposure time for position 2 reached after the PyC surfac about 10 s. For the other po change is positive and the plat the same optical power. Co much more sensitive to the irr the other positions than for po reached after 60 s of irradiation Nevertheless, the experimenta 5 can be used to dete specifications of the PyC-bas Figure 6 shows the graphic levitation height change after for the different optical power shows that the photo-response in the range 100-1000 mW. T using a second-order polynom the sensor response can be co sub-ranges 100-400 mW and is observed for all positions. limited to 20 s and the s (22.7 ± 0.2) °C. These se the displacement change ative and relatively small. n height increases with the . In addition, a plateau is ce has been irradiated for ositions, the displacement teau is ten times higher for nsequently, the device is radiating optical power for osition 2, but the plateau is n instead of 10 s.
Result and discussion
al results showed in Figure ermine the metrological sed sensor for position 2. cal representation of the an exposure time of 20 s s in Figure 5 . Figure 6 also e of the sensor is not linear The best fit is obtained by mial regression. However, onsidered linear within two 400-1000 mW. This point
Background noise
Note that the sensitivity and the signal-to-noise ratio depend on the PyC configuration. To appreciate this point, just compare the example for two different positions in Figure 7 for P irr = 46 mW with an exposure time of 60 s at 1064 nm. Curves 7a and 7b are obtained for positions 3 and 4 of the PyC sheet, respectively.
For low power when the height changes either during the irradiation or after closing the shutter are quite low, the background noise is preponderant. There are three main sources of noise, one due to the quantization noise of the Keyence displacement sensor, another due to the airconditioning system and a third one due to ground vibrations. From recordings of Δd t when the PyC surface is not irradiated, the standard deviation of the signal is u cr ≈ 0.044 µm when the air conditioning system is running while it is u cs ≈ 0.029 µm when it is stopped.
Assuming that: -these values of standard deviation are the quadratic sum of the standard deviations u q , u c and u v respectively associated with the three sources of noise; -the quantization noise characterized in terms of uncertainty corresponds to the uncertainty associated with resolution following a uniform probability distribution; we can deduce the following approximate values: u q ≈ 0.003 µm, u c ≈ 0.033 µm and u v ≈ 0.029 µm. This means that the contribution of quantization noise is negligible compared with the two other sources of which the contribution is almost equivalent. Therefore, all the measurements were carried out without air-conditioning. 
Sources of error and uncertainties
In this experiment, there are several sources of error due to parameters affecting the measurement which must be taken into account in the uncertainty budget.
In addition to the uncertainty component due to the repeatability of the PyC sensor measurements in terms of type A evaluation of uncertainty [5] , the main contributions of uncertainty (type B evaluation [5] ) for this study come from: -the power meter which was not calibrated and whose measurement position was not well defined; -the area of the laser spot and its position on the PyC surface; -the background noise due to vibrations; -the local inhomogeneities of the magnetic field; -the size and the horizontal position and orientation of the PyC sheet over the magnet array; -the surface quality and the absorption coefficient of the PyC; -the position of the displacement Keyence sensor spot on the PyC surface; -the method in terms of exposure time, sampling time and linearization parameter.
Several contributions of these uncertainty components are made negligible by the use of diaphragms and for a fixed position of the PyC sheet. The sensitivity of the sensor could be improved by choosing the best position and size of the PyC sheet adapted to the magnetic field distribution. In addition, the experiment in this configuration could be greatly improved by protecting the PyC sheet against ground vibrations and temperature fluctuations to improve the signal-to-noise ratio.
The calibration of this device could consist in determining the calibration coefficient β(T, λ, t exp , P)
which depends on the ambient air temperature range T, the laser wavelength range λ, the exposure time t exp and the laser power range P used in expression (3) linking the laser power P irr to the levitation height change measured over a short irradiation time t exp :
For instance, with T = (22.7 ± 0.2) °C, λ ≈ 1 µm, t exp = 5 s and P = [100 mW; 400 mW], we obtain:
β ≈ 187 mW·µm -1 and γ ≈ 0 for position 5.
From these considerations, it seems realistic to be able to develop a laser power sensor using diamagnetic levitation calibrated with a relative measurement uncertainty of few percent or less than 10% in any case. Note that tests made at 532 nm seem to show that the PyC photo-response to an irradiation power of this experimental device depends also on the laser wavelength. Other tests made at 635 nm have shown that the discrimination threshold for the positions given a sensitivity β larger than 100 mW·µm -1 is about 3 mW for an exposure time of around 60 s. Figure 8 shows photographs of the experimental set-up for the weighing configuration. The device uses the same magnet array, PyC piece, diaphragms, mirror and shutter as those used in the levitation configuration but, in addition, a mass comparator is used to measure the equivalent mass change corresponding to the magnetic interaction force change between the magnet array and the PyC piece when it is irradiated by a laser beam. In the weighing configuration, the magnet array is horizontally fixed to an aluminum arm linked to a 3D translation stage to adjust its position above the PyC sheet. The PyC sheet piece is glued to an aluminum block placed on the balance pan. The mirror is fixed at 45° in the aluminum block to reflect vertically the horizontal laser beam onto the PyC surface after it has passed through two diaphragms. 
Weighing configuration
Experimental set-up
Buoyancy
The mass m of the device placed on the balance pan is about 200 g (aluminum block+ mirror+ PyC sheet). The main part (98%) of this mass comes from the aluminum block (density ρ Al = 2700 kg·m -3 ). The buoyancy in terms of mass Δm a is given by:
where ρ a is the density of moist air.
The buoyancy of the aluminum block is about -89 mg for an ambient air temperature of about 20 °C and a conventional air density of 1.2 kg·m ) where p is the pressure expressed in hPa, T the temperature expressed in °C and H the relative humidity expressed in %.
The relative sensitivity coefficients [6] 
For our device, the measurement indication is not the "absolute" mass, but the mass change over exposure time t exp or over recording time t max . We choose as criterion that the slope of the buoyancy mass change over one second must be less than 1 µg/s. This means that the relative air density change must be less than 1.3×10 -3 for an exposure time of 60 s. In these conditions, the buoyancy change has no significant effect on the mass change measurements. Using expression (6) we obtain the following limits of the variation of ambient conditions for 60 s exposure:
• ∂T/∂t = ± 0.18 °C/min ; • ∂P/∂t = ± 0.68 hPa/min ; • ∂H/∂t = ± 7.7 %/min.
Since all the experiments for this study have been carried out in these environmental limits, we need not apply any buoyancy correction.
Instability of weighing due to temperature
In the weighing configuration, as shown in Figure 9 , the maximum temperature of the PyC surface reaches about 25.3 °C at ambient air temperature of about 21.9°C when the PyC surface is illuminated in the same conditions as that of the levitation configuration. Corrected for the air temperature slope, the temperature change of the PyC surface is only 3.4 °C. This is very small compared with the 16 °C measured for the levitation configuration. Two reasons can explain this difference. First, the aperture and the position of the diaphragms D1 and D2 were not exactly the same in the two configurations, while they limit the same optical power irradiating the mirror M1 in the weighing configuration. Secondly, it appears that a significant amount of energy is dissipated through the two contact zones with the C profile despite the thin insulating sheets. This assumption is confirmed in Figure  9b which shows that the two contact zones are at ambient temperature possibly due to conduction heat transfer. Figure 10 shows the simultaneous measurements without laser irradiation of mass change 10(a) and air temperature close to the pan 10(b) over 250 min. In order to reduce the influence of air-conditioning system, an enclosure made of transparent plastic has been installed to protect the entire set-up (except the laser) against air movement. The two blue curves 10(a) and 10(b) recorded before the enclosure was installed are clearly correlated. There are large oscillations with a period of about 60 min due to air-conditioning control. The two signals are in opposition of phase. The peak-topeak amplitudes are about 0.5 °C and 1.8 mg for air temperature and mass changes respectively equivalent to a temperature sensitivity coefficient of -3.6 mg·°C -1 . The oscillations are not symmetrical. The maximum positive mean slope (considering the large oscillations) is about +0.12 mg/min and the minimum negative mean slope is about -0.05 mg/min for the mass change. The amplitude of 1.8 mg observed without the plastic enclosure cannot be explained by the buoyancy change using expressions (4) and (5) giving a temperature sensitivity coefficient of +0.24 mg·°C
. This effect is of opposite sign and too small compared with the measured temperature sensitivity coefficient.
Another origin might be the magnetic induction variation with temperature. Considering that the manufacturer of NdFeB magnets gives a typical remanent induction B r of 1.2 T (independent of the magnet's geometry) and that the temperature coefficient of remanence ζ is -0.1 % °C -1 for NdFeB magnets, an approximate calculation has been carried out to verify this assumption.
In our experiment as shown in the previous paper [1] , the magnetic flux density in an x-y plane at the height z above the magnet array exhibits a 2D periodicity due to the magnet array composed of a juxtaposition of small identical permanent magnets in a horizontal plane x-y. In this case, the vertical induction component B z has a horizontal periodic and homogeneous distribution. Its mean value in the horizontal plane is constant. In these conditions, a variation of temperature ∂T involves a variation of magnetic induction ∂B r = B r ζ ∂T. This leads to an approximate derivative of magnetic induction related to temperature ∂B r /∂T of about -10 -3 T·°C -1 . We can use the following approximate expression for the magnetic force acting on the PyC sheet: (7) where µ 0 is the vacuum permeability (4ʌ×10 −7 H·m ) and S the base area of the PyC sheet (192 mm 2 ).
The expression to calculate the magnetic flux density B z of a cylinder magnet of diameter and height 2R at the distance z from a pole face on the symmetrical axis is as follows:
Considering that the levitation force F z acting on the PyC sheet at z = d 0 ≈ 0.4 mm for m 0 = 0.41 g is about 4 mN and that expressions (7) and (8) lead to the following expression:
we obtain from expression (9): ∂F z /∂T = -73×10 -6 N·°C -1 . We deduce an approximate mass variation ∂m=-3.7 mg for ∂T=+0.5 °C. Although this result is somewhat twice as large as the measured mass change of -1.8 mg, it corresponds to a temperature sensitivity coefficient ∂m/∂T= -7.5 mg·°C -1 of the same sign as -3.6 mg·°C A correction of air temperature based on the linearization of temperature change over t max has been applied on mass change measurements using a Matlab ® program.
Results and discussion
In this configuration, we observe a delay time of several seconds. In order to reduce the measurement time and to take into account the delay time, we choose to determine a response time τ as the time to reach 1/e of the mass change value at t exp when t exp corresponds to the time to reach a quasi-extremum level (quasi plateau). shows an example obtained from experimental mass changes for four increasing and decreasing optical power values P irr between 200 and 1000 mW generated by the laser of wavelength 1064 nm with an exposure time of 60 s. This example is not one of the best in terms of linearity. Even a second-order polynomial fit gives residuals (Fig 11b) which are not negligible, i.e. about 2%. Figure 11c shows the mass changes at τ determined from the measurements in Figure 11a . The response time is about 7.5 s while the delay time is about 2.5 s. In this case, residuals of the second-order polynomial fit reach about 3%. In better adjustment conditions of the experimental device, we obtained a linearity error less than ±1% over a sub-range 400 mW -1000 mW.
These results show that there is no significant hysteresis phenomenon and that the relative measurement reproducibility is less than 0.4%.
A correction of the temperature drift is applied on experimental mass changes. However, the effect of this correction is weak enough.
We have demonstrated [2] that the relative uncertainty of optical power measurement with this set-up in the range 400 mW-1000 mW at 1064 nm spreads from 1.6% to 0.8% and that the irradiating beam wavelength (532 nm and 1064 nm) affects the photo-response of pyrolytic carbon.
In addition, Table 1 shows the device is able to measure low optical powers around 20 mW at 532 nm for an exposure time of 120 s. The delay time is about 20 s and the discrimination threshold smaller than 1 mW. 
Conclusion
We have demonstrated that an elementary device consisting of a small plate of pyrolytic graphite levitated above a magnet array is sensitive to a laser power. This leads to an interesting alternative to power meters based either on thermal measurement techniques via the Stefan-Boltzmann law (absorbed energy related to a temperature increase) or on the photon-electron interaction (photodiode effect).
Two different experimental configurations were studied.
The levitation configuration is quite compact but very sensitive to ground vibrations, draughts and ambient temperature changes. The photo-response sensitivity of the experimental set-up is at least 100 mW·µm -1 for most positions of the PyC sheet, but it is not linear over the whole range 100-1000 mW. Its discrimination threshold is about 3 mW and the relative measurement uncertainty of optical power in the range 100-1000 mW at a wavelength of about 1 µm is less than 10%.
The weighing configuration is also sensitive to ambient temperature changes. A temperature correction can be applied. In this configuration, there is a delay time of several seconds which is not negligible. The discrimination threshold is smaller than 1 mW. As with the levitation configuration the photo-response is also not linear over the whole range 100-1000 mW. The relative measurement uncertainty of optical power in the range 400-1000 mW at a wavelength of about 1 µm is less than 2%.
First results are very encouraging. This confirms the feasibility of new laser power sensors using diamagnetic repulsion which look promising for applications in metrology, in industry or in technology development.
Many features of these PyC-based devices could be improved. For instance, we are currently studying a new design of PyC-based sensors for industrial lasers of about 1 kW. Its principle consists in splitting off only a few percent of the laser power and using a chopper alternating short irradiation and long darkness periods. Such a device could measure a laser power with a relative uncertainty better than 10 %. Although the response time is several seconds, it could be integrated into a real-time system to monitor and control laser powers used in industry. Moreover, in the levitation configuration, a damping system against ground vibrations and a servo-control system of the magnet array temperature using a Peltier module are currently being tested. Ultimately, the best possible improvement would consist in linking the photoresponse to irradiating optical power by a physical law deduced from the optical and electronic properties of PyC. In this case, PyC-based devices could be used as absolute measurement standards.
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